Many animals use the sun's polarization pattern to orientate, but the dung beetle Scarabaeus zambesianus is the only animal so far known to orientate using the million times dimmer polarization pattern of the moonlit sky. We demonstrate the relative roles of the moon and the nocturnal polarized-light pattern for orientation. We find that artificially changing the position of the moon, or hiding the moon's disc from the beetle's field of view, generally did not influence its orientation performance. We thus conclude that the moon does not serve as the primary cue for orientation. The effective cue is the polarization pattern formed around the moon, which is more reliable for orientation. Polarization sensitivity ratios in two photoreceptors in the dorsal eye were found to be 7.7 and 12.9, similar to values recorded in diurnal navigators. These results agree with earlier results suggesting that the detection and analysis of polarized skylight is similar in diurnal and nocturnal insects.
INTRODUCTION
The brightness of a full moon overwhelms all other sources of light in the night sky. This makes the disc of the moon the most prominent landmark for a nocturnal navigator. The moon is accompanied by another celestial navigational cue: a concentric pattern of polarized skylight centred on its disc resulting from moonlight scattered by tiny particles in the atmosphere (Gál et al. 2001) . The nocturnal polarized-light pattern shows no significant difference in its structure from that of the more well-known pattern of polarized light formed around the sun (Strutt 1871; Brines & Gould 1982; Wehner 1989 ). This is not surprising since both patterns originate from one dominant light source in the sky. The two patterns will however differ in intensity, by a factor of about one million.
An ever-increasing number of animals have been found to orientate to the sun and to the polarization of sunlit skies (for reviews see Waterman 1981; Wehner 1984 ; for more recent studies see Able 1980 Able , 1989 Dacke et al. 1999; Freake 1999) . Several animals are also known to orientate to the moon. These include insects (Jander 1957; Leuthold et al. 1976; Sotthibandhu & Baker 1979; Baker 1987; Ugolini & Chiussi 1996) , spiders (Tongiorgi 1970) , crustaceans (Pardi 1954; Ugolini et al. 1999a Ugolini et al. ,b, 2003 and vertebrates (Ferguson et al. 1965) . However, the African dung beetle Scarabaeus zambesianus is the only animal currently known to orientate using the polarization pattern of the moonlit sky (Dacke et al. 2003a) .
Scarabaeus zambesianus starts to forage for fresh dung around sunset. When it finds dung, the beetle lands at the food source together with a large number of other beetles. To escape the immense competition for food at the dung pile, the beetle quickly forms a ball of dung with its legs and head and rolls it away. Rolling along a straight path is the most effective way for the beetle to remove its food from competitors at the food source (Byrne et al. 2003; Dacke et al. 2003a,b) . The ball is finally buried some distance from the dung, where it is consumed by the beetle or its larvae. For its orientation along a straight path at dusk, S. zambesianus uses the polarization pattern formed around the setting sun (Dacke et al. 2003a,b) . On moonlit nights, beetles continue to roll well after sunset and maintain their bearing by orientating to the polarization pattern arising from the moon (Dacke et al. 2003a) .
In diurnal polarized-light orientation, the sun itself can also act as an orientation cue (Able 1980 (Able , 1989 Wehner 1984) . However, we do not know whether the moon plays a similar role in the nocturnal orientation system of the dung beetle S. zambesianus. In this study, we first establish how well S. zambesianus can orientate to an artificial moon. We then examine the relative roles of the moon's disc and the polarized-light pattern of the night sky for nocturnal orientation.
In S. zambesianus the receptors believed to be used for polarized-light analysis are restricted to the dorsal part of the dorsal eyes (Dacke et al. 2003b) . The ommatidia in this 'dorsal rim area' (DRA) (Labhart 1980 ) are characterized by rhabdoms with microvilli exclusively orientated in two orthogonal directions. This, together with the finding that the rhabdoms do not twist along their lengths, suggests that these photoreceptors are polarization sensitive (Wehner et al. 1975; Nilsson et al. 1987; Labhart & Meyer 1999) . To confirm this suspected polarization sensitivity in the receptors of the S. zambesianus DRA, we made intracellular recordings of their responses to polarized-light flashes. These results, together with those obtained from behavioural experiments, suggest that the detection and analysis of polarized light by nocturnal and diurnal animals is quite similar. 
MATERIAL AND METHODS

(a) Experimental site and animals
Field experiments were conducted in October and February near Naboomspruit (24°38Ј S 28°45Ј E), South Africa, on fullmoon nights and on four nights before and after this event.
Moonlight orientation experiments were performed after astronomical twilight, when the sun was more than 18°below the horizon and no longer contributed to the illumination of the sky. All behavioural experiments on beetles were carried out in a carefully levelled circular sandy arena 3 m in diameter. Each beetle was either transferred to the arena with its ball of dung, or allowed to form a ball from dung placed at the arena's centre. Laboratory experiments were conducted in Lund, Sweden, within two weeks of capturing the beetles.
(b) Orientation to a single light source
Single tungsten lamps (Osram Concentra R50; 40 W) were used in the laboratory to present the ball-rolling beetle with a simple light source-mimicking the moon in the sky-for orientation. Three such lamps were positioned at the midpoints of three of the four sides of a square arena, measuring 70 cm × 70 cm (figure 1a), at an elevation of 45°as measured from the centre of the arena. With one of the lamps lit as a prominent landmark, beetles were positioned to roll their balls towards the centre of the arena. As the beetle reached the centre, the position of the bright landmark was switched instantaneously to the second or third light at either 90°or 180°from the original position. This switch caused the beetles to change their direction of rolling, and the angle of deviation from the original direction was measured.
In the field, a light source (9 V, halogen) was placed inside a box with a circular aperture of 16.3 mm in diameter in one side. Apart from this aperture, the box was lightproof. When placed 1.5 m from the beetle, and at a height of 1 m, this aperture, like the moon, subtended an angle of 0.52°at the eye. Diffusers and neutral density filters were used to adjust the intensity of the artificial moon to match that of the real moon. As a beetle rolled towards the apparatus, the real moon was hidden from view with Proc. R. Soc. Lond. B (2004) a board (70 cm wide and 100 cm long) and the artificial moon was simultaneously switched on at a position 180°from the real moon. In another experiment, the real moon was shifted 180°b y reflection in a mirror. The reactions of the beetles to these changes in the position of the moon were filmed using an infrared-sensitive Sony video camera, and later analysed in the laboratory.
In a third experiment, a Perspex ramp (12 cm wide and 20 cm long with a 5 cm drop) was placed in the expected path of a ball-rolling beetle. Beetles rolled up the ramp and fell off the end. Differences between the original angle of rolling and the angle rolled after climbing the ramp were measured. Beetles rolled up the ramp first with a full view of the moonlit sky and then with the moon hidden from view by a board (70 cm wide and 100 cm long).
(c) Electrophysiology
Intact animals were immobilized with wax, and a small hole was cut at the edge of the dorsal eye. Intracellular glass electrodes were inserted through the hole and aimed at the retina. Recordings gave saturating responses of 25-45 mV. For each cell, a response-intensity curve was recorded at log-intensity increments of 0.2 log units, with light polarized in the direction that gave the maximum response from the cell. A second curve was then recorded with light polarized in the perpendicular direction. The log-unit intensity shift (x) between the two curves, caused by the different planes of light polarization, was used to compute the cell's polarization sensitivity (10 x ). We also recorded spectral sensitivity across the range of 300-700 nm at 50 nm increments using a series of interference filters. Spectrallight flashes with equal quantum fluxes gave response-intensity functions used for sensitivity calibrations. Even though these filters had a pass-band that was too broad to reveal the exact wavelength of maximal sensitivity, they do reveal the spectral regions to which the cells are most sensitive.
RESULTS
(a) Beetles can orientate to a single light source
In the laboratory, where no polarized light or other landmarks were present, the beetles orientated to a single light source. In response to a 90°change in the direction of the light source, the ball-rolling beetles (n = 15) changed their direction of travel by 69.4 ± 1.9°( mean ± s.d.). If the position of the light source was instead changed by 180°, the beetles (n = 10) changed direction by 158.0 ± 7.2°(figure 1). These changes in direction of travel do not differ significantly from the expected changes of 90°and 180°, respectively (v-test; Batschelet 1981) . The change in the direction of rolling occurred within 2 s of the change in the position of the light source. (c) The moon's disc has little influence on the orientation of the ball-rolling beetle A ball-rolling beetle is so determined to follow its original direction that it will roll up a ramp rather than take a detour around it. After a fall from the end of the ramp, each beetle relocated its ball and attempted to re-orientate to its original direction of travel before continuing to roll. The smaller the deviation from its original direction of rolling, the better the beetle orientates along a straight path. With a full view of the sky, which included the moon's disc, the mean deviation was only 6.6 ± 4.8°( n = 15). With the moon hidden from view, the beetles did equally well, with a mean deviation of 6.9 ± 4.9°( n = 15; figure 2c). The small difference in performance is not significant (Watson-Williams test; Batschelet 1981) , and a view of the moon is thus not vital for correct orientation. (a) The intensity shift of 1.1 log units between the two curves translates to a polarization sensitivity ratio of 12.9. The spectral sensitivity of the cell had peaks in the ultraviolet (350 nm) and the green (500 nm) bands. (b) In a single-peaked ultraviolet cell, the intensity shift of 0.9 log units between the two curves translates to a polarization sensitivity ratio of 7.7.
dorsal part of the eye (Dacke et al. 2003b) . Intracellular electrophysiological recordings confirm that they do indeed have high sensitivity to polarized light. We held two DRA cells long enough to measure polarization sensitivity ratios (Snyder 1973 ) of 7.7 and 12.9 in situ (figure 3). Polarization sensitivity ratios in three cells outside the DRA were found to be 1.5, 1.6 and 1.6.
DISCUSSION
Over an extended period, orientation at a constant angle to the moon will result in a curved path, but for the shortterm orientation of the beetle, this is not a problem. Even if the moon changes its position by 1-2°during the straight-line escape from the dung pile, the slightly curved path that results will still effectively take the beetle away from competitors at the dung source. A large and sudden change in the position of this celestial mark would, however, cause S. zambesianus to change its direction of rolling drastically. When such a change was simulated in the laboratory, where the skylight pattern was absent, the beetles turned in the expected direction. A 180°change in the position of the light source induced a turn twice as large as that induced by a 90°change. The slight, but insignificant, under-compensation for the magnitude of the change is probably explained by a decreased desire to roll when kept in captivity. Under the open sky, artificial changes in the moon's position significantly altered the rolling direction in only two beetles out of the 15 tested, and in these exceptional cases, the alteration was close to the predicted 180°. These results, and those of the laboratory experiments, clearly show that the moon's disc can be involved in the nocturnal orientation of S. zambesianus.
Accurate orientation in cricket frogs, using a lunar compass, ceases when the moon is hidden from view (Ferguson et al. 1965) . In S. zambesianus the absence of a view of the moon does not significantly influence the performance of the orientating beetle. In other animals using the moon as an orientation cue, an artificial switch in the direction of the moon will generally elicit a change in the direction of orientation ( Jander 1957; Ugolini & Chiussi 1996; Ugolini et al. 1999a Ugolini et al. , 2003 . Under natural skies, S. zambesianus generally did not change its orientation direction in response to a changed position of the moon. From our two experiments, we reach the conclusion that the moon's disc serves as only a secondary cue in the orientation of S. zambesianus. Instead, the primary cue for orientation seems to be the polarization pattern formed around the moon, a cue that is more reliable for orientation. While the moon is more easily hidden behind a single cloud or the branch of a tree, the polarization pattern will be obscured only under completely overcast conditions. Patterns spanning the entire sky will provide the beetle with more precise compass information than will an individual pixel of the sky. For the same simple reason, the polarized-light patterns of the sunlit sky will also provide diurnal navigators with the most reliable compass information (Wehner 1994) .
The polarization sensitivities of DRA receptors used to detect the polarization pattern formed around the sun are known for a number of insects and spiders (Labhart 1980 (Labhart , 1986 Dacke et al. 1999 Dacke et al. , 2002 Blum & Labhart 2000) . The polarization sensitivity of about 10 that we have recorded in the DRA of S. zambesianus is similar to the values recorded from these diurnal animals. A recent morphological study of the DRA in S. zambesianus also shows that the arrangement of the polarization-sensitive receptors is similar to that of other insects (Dacke et al. 2003b) . This is to be expected, since the similarity of the polarizedskylight patterns during the day and the night naturally allows for equally similar detection systems (Gál et al. 2001) . The sensitivity of this detector might however be a limiting factor. The DRA receptors of the diurnal dung beetle Pachysoma striatum are at least five times less sensitive to light than equivalent receptors in the eye of the crepuscular S. zambesianus (Dacke et al. 2003b) . Neural and optical integration of the polarized-light signal could make this difference even more pronounced (McIntyre & Caveney 1998; Labhart et al. 2001) .
Proc. R. Soc. Lond. B (2004) One of the most intensely investigated polarized-lightdetection systems is that of the cricket. These animals have been shown behaviourally to detect the direction of highly polarized light at light intensities that are even lower than that of a clear moonless night sky (Herzmann & Labhart 1989) . This makes it probable that many other animals, in addition to S. zambesianus, can use the nocturnal polarization pattern of the moonlit sky to orientate, possibly including bees that forage only on moonlit nights, irrespective of whether or not the moon's disc is visible (Kerfoot 1967) . Some nocturnal tenebrionid beetles have been shown, in the laboratory, to orientate to polarized light (Bisch 1999) . Other likely candidates are of course other crepuscular and nocturnal ball-rolling dung beetles, which most probably have the same orientation system as S. zambesianus.
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